ABSTRACT In insects, larger males generally have a reproductive advantage over smaller males when competing for mating partners. We examined male reproductive competition together with precopulation and copulation durations, female longevity, and fecundity in the northern corn rootworm in relation to the body size of males and females that were combined for mating. Longevity and fecundity were determined for individually caged, mated females. Of the females in 108 combinations of two males and one female, 35 chose not to mate. Of the females in the 73 combinations that resulted in copulation, 38 were small and 35 were large. The proportions of large and small males that mated did not vary signiÞcantly with female size, but large males were more than twice as likely as small males to mate. The precopulation duration did not vary with either male or female size, and no interaction occurred between male and female size for either the precopulation or copulation duration. However, both male and female size affected the duration of copulation, with small males copulating longer than large males and large females copulating longer than small females. No female longevity or egg number differences occurred among the body size categories of the mating pairs. The implications of the results for insect resistance management are discussed, considering that the evolution of resistance to certain management strategies, such as resistance to the use of insecticides or of Bt maize, may be accompanied by changes in body size.
The northern and western corn rootworms, Diabrotica barberi Smith & Lawrence and Diabrotica virgifera virgifera LeConte, respectively, are pernicious pests of maize, Zea mays L., in the United States Corn Belt and, for the western corn rootworm, in several maizegrowing regions of Europe (Sappington et al. 2006 , Gray et al. 2009 ). Both species have adapted to various methods deployed to reduce their population numbers. For example, the western corn rootworm has repeatedly evolved resistance to a variety of insecticides (Ball and Weekman 1963 , Meinke et al. 1998 , Wright et al. 2000 , Zhu et al. 2001 ). In addition, both species have thwarted crop rotation as a control measure. First, the northern corn rootworm prolonged egg diapause beyond 1 yr (Bigger 1932 , Chiang 1965 , Gray et al. 1998 , and then females of the western corn rootworm lost Þdelity for ovipositing in maize Þelds and began laying eggs in crops grown in rotation with maize (Gray et al. 1998 , Levine et al. 2002 .
Currently, several varieties of transgenic maize producing one or more rootworm-toxic proteins obtained from the bacterium Bacillus thuringiensis Berliner (Bt) provide the most prominent methods used to deter the root damage caused by corn rootworm larvae , Storer et al. 2006 , United States Environmental Protection Agency [USEPA] 2007). However, based on the Bt maize variety, the USEPA (2007) requires producers using a Bt transgenic maize targeting corn rootworms to plant a portion (5Ð20%) of their maize acreage to a nontransgenic variety that is either adjacent to or within the transgenic Þeld. The nontransgenic refuge is supposed to provide an abundance of susceptible male beetles to disperse from the refuge and mate with any resistant females emerging from the transgenic plants, thereby decelerating the evolution of resistance to the Bt toxin and extending the efÞcacy of the transgenic variety.
Several recent studies have shown that resistance can rapidly evolve when Bt-exposed beetles are not allowed to mate with individuals unexposed to the transgenic variety, especially the lower dose varieties commonly available for managing corn rootworm populations (Lefko et al. 2008; Meihls et al. 2008 Meihls et al. , 2011 Meihls et al. , 2012 Tabashnik 2008; Oswald et al. 2011) . FurtherMention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the USDA. USDA is an equal opportunity provider and employer.
1 North Central Agricultural Research Laboratory, USDAÐARS, 2923 Medary Ave., Brookings, SD 57006. more, this pattern of mating restriction could perhaps play a role in resistant Þeld populations (Gassmann et al. 2011) . Consequently, there is a widely accepted need for further research on corn rootworm biology, including mating behavior, dispersal, and other Þt-ness-related traits, to devise insect resistance management strategies that encourage mating of any surviving Bt-exposed beetles with unexposed individuals (Onstad et al. 2001 , Storer 2003 , USEPA 2007 , Marquardt and Krupke 2009 , Spencer et al. 2009 ).
Evolving resistance to transgenic crops as well as to other management options may be linked with Þtness costs associated with traits such as survival, developmental time, fecundity, longevity, body size, and mating behavior (Costa et al. 2000 , Bates et al. 2005 , Gassmann et al. 2009 ). However, no signiÞcant Þtness costs have so far been associated with rootworm survival on Bt maize (Meihls et al. 2012 , Oswald et al. 2012 , Petzold-Maxwell et al. 2012 , but the Bt maize events currently available generally supply a lowÐ moderate dose of Bt toxin compared with the events used for lepidopteran control (Siegfried et al. 2005 , Storer et al. 2006 , Meihls et al. 2008 , Tabashnik 2008 ). Higher dose events, such as maize varieties expressing pyramid toxins against corn rootworms (e.g., SmartStax), potentially could have Þtness costs associated with the evolution of resistance.
Male and female insects often have different mating systems due, in part, to differences in life history strategies (Thornhill and Alcock 1983) . Although there are exceptions, females may choose to mate with males based on direct resources (e.g., nuptial gifts and territory for feeding and/or oviposition, among others) provided to the female or perhaps based on indirect beneÞts, such as superior male genes provided to their offspring (Gwynne 2008 , Kuijper et al. 2012 . Because the resources offered to females often vary in their contribution to female Þtness, there is usually intense competition for control of these resources by males, whose Þtness is generally correlated with mating success. For insects, body size is often correlated with Þtness (Thornhill and Alcock 1983, Blanckenhorn 2005) , and for many species including the western corn rootworm (Branson and Sutter 1985) , large females generally lay more eggs than smaller females. In addition, when males compete directly for females, larger males typically have a reproductive advantage over smaller males. Females may also prefer to mate with larger males if male size correlates either directly or indirectly with female Þtness (Thornhill and Alcock 1983 , Wedel 1997 , Gwynne 2008 . MaleÐmale competition should be intensiÞed for mating systems in which females mate only once or a few times and males can mate many times over their life spans, mating systems characteristic of corn rootworm beetles (Hill 1975 , Branson et al. 1977 , Quiring and Timmins 1990 ; but see Kang and Krupke 2009, French and Hammack 2011) .
Previous studies of the mating behavior and reproductive biology of the northern corn rootworm in relation to body size under no-choice mating conditions reported on the size distributions of laboratoryreared insects by sex but detected few effects of body size on reproductive parameters Hammack 2010, 2011) . The reciprocal pairing of large and small males and females along with the pairing of average-sized beetles of both sexes demonstrated little to no effect of size on courtship duration or the percentage of pairs that copulated, even though the duration of copulation did vary with size. In the 2010 study, large females lived the longest and for that reason were the most fecund, but their longevity was unrelated to the size of their mating partner. In the 2011 study, however, we found no differences in either female longevity or fecundity based on size.
Our broad objective was the further examination of the mating behavior and reproductive biology of the northern corn rootworm in relation to body size as measured by pupal body weight. The current study continues the measurement of male and female size distributions under laboratory conditions and investigates whether maleÐmale reproductive competition in relation to male and female body size affects male and female mating success, courtship and copulation durations, female longevity, and fecundity.
Materials and Methods
Collecting, Weighing, and Handling Beetles. We collected all beetles as pupae from our laboratory colony at the U.S. Department of Agriculture (USDA), Agricultural Research Service, North Central Agricultural Research Laboratory in Brookings, South Dakota, where they were reared similarly to D. v. virgifera (Jackson 1986, French and Hammack 2010) . The colony history and the details of insect handling are provided in the article by French and Hammack (2010) . Brießy, the pupae were excavated from the containers used to rear second-and thirdinstar larvae, assigned an identiÞcation number, sexed (Krysan 1986 ) using a WILD M32 (Heerbrugg, Switzerland) dissecting microscope at 25ϫ magniÞcation, and then weighed to the nearest 0.01 mg on an OHAUS AP250D (Florham Park, NJ) electronic, analytical balance. The pupae were housed individually in a Nalgene (Rochester, NY), 7-ml, plastic bioassay cup containing Ϸ5 ml of 80-mesh soil dampened with 2.5 ml of distilled water to avert desiccation. The pupae then were placed in an environmental chamber at 25ЊC and 60% RH in darkness and checked each day for eclosion.
Within a day of eclosion, adults were isolated in 1.15-liter plastic cages provisioned with abundant fresh food (artiÞcial diet) and water and transferred to a photoperiod of 14:10 (L:D) h Jackson 1988, French and Hammack 2010) . Each adult was assigned by sex to a large or small body size category using its pupal weight. Pupal weight could be used as an indicator of adult body size because pupal and adult weights are highly correlated (French and Hammack 2010) . Because the beetles were collected from the same colony as that used previously, we assumed that the overall male and female pupal weight distributions were similar to those reported by French and Ham-mack (2011) and used these distributions to establish large and small sizes for the current study. After calculating the 95% conÞdence limit for the standard deviation (SD) of the mean pupal weight by sex and using the lower limit as the SD value (Zar 2010) , the weight of large males and females (Ն11.1 and 11.2 mg, respectively) was Ն1 SD above the mean, whereas that of small males and females (Յ7.5 and 7.6 mg, respectively) was Ն1 SD below the mean.
Size-Based Male Mating Competition. A large male (LM) and a small male (SM) beetle identiÞed by their unique numbers were placed in a 10-by 35-mm petri dish before the addition of a single large female (LF) or small female (SF) beetle, resulting in four mating possibilities (LMLF, LMSF, SMLF, and SMSF). The age of the beetles when combined in the trios ranged from 2 to 11 d for the females and 1 to 10 d for the males (Table 1 ). All the trios were videotaped for at least 2 h using a Sony DCR-TVR900 digital video camera recorder; copulations that began within 2 h of combination were videotaped until the sexes separated. All the videos were then imported for analysis into The Observer XT version 6.0.16 software (Noldus Information Technology, Wageningen, The Netherlands). As with French and Hammack (2010) , we recorded the time elapsed between the combining of the sexes and the beginning of copulation and referred to this interval as the courtship or precopulation duration. We also recorded the duration of copulation, which was considered to begin when the aedeagus of the male was fully inserted into the female, and his metathoracic legs were raised completely off the substrate and oriented along each side of the female abdomen near her genitalia. This method for determining copulation success was previously shown to be highly accurate, measured by the transfer of a spermatophore (French and Hammack 2010 . Copulation ended when the male removed his aedeagus from the female, and the sexes physically separated, thus stopping all sexual interactions and signaling the point at which to terminate the video recording.
After separation, the mated females were returned to their individual chambers with food and water. A week later, we added an oviposition dish (15-by 35-mm petri dish) containing soil moistened with distilled water (French and Hammack 2010) . We replaced the egg dishes and food and water provisions each week until the female died and stored the used egg dishes in an incubator at 8ЊC until the eggs were separated from the soil (Ruesink 1986 ) by ßoatation in an aqueous solution of Epsom salt. We counted all of the eggs and visually ascertained the potentially viable number by removing eggs that were physically damaged or discolored from the total egg count (Boetel and Fuller 1997) .
Statistical Analysis. The statistical analyses followed Zar (2010) or the procedures provided in the software of the Statistical Analysis System (SAS Institute 2008). We evaluated the normality of the data by assessing the linearity of SAS-generated qqplots for a theoretical normal distribution using the PROC UNIVARIATE procedure (SAS Institute 2008) and substituted nonparametric tests when the assumptions of parametric statistical tests were clearly violated. To evaluate the ages and weights of the test insects in relation to body size, the nonparametric MannÐWhitney U test, which is appropriate for unpaired samples, was used to compare the large and small test females, whereas the Wilcoxon signed-rank test, which is appropriate for paired samples, was used to compare the large and small males within the male pairs of the mating trios.
2 analyses were used to determine whether the proportions of large and small males that mated varied with female body size and whether male body size inßuenced mating success in the crosses. Twoway analysis of variance with male and female size as the main effects and male ϫ female size interaction was used to test for differences among the mated pairs in courtship and copulation durations. Nonparametric tests were used to compare the longevity and fecundity of the successfully mated females among the four body size combinations of mated pairs (LMLF, LMSF, SMLF, and SMSF) and between the large and small male mating partners after pooling data from the large and small females (KruskalÐWallis and Wilcoxon rank-sum tests, respectively, provided by the Wilcoxon option of the NPAR1WAY SAS procedure, depending on the number of variables). The data for the fecundity analyses were restricted to weeks 1 through 12 of egg collection and derived only from those females that lived for 2 wk or more after pairing. The 12-wk interval approximates the maximal oviposition period under Þeld conditions in the upper Midwest (French and Hammack 2010) . The analyses of variance were performed on log 10 (x ϩ 1)-transformed data to normalize the distributions and ensure homogeneous variances.
Results
The ages and weights as pupae of the large and small male and female beetles used in the study are shown in Table 1 . There were no differences between the ages of the large and small males that were combined with a female or between the large and small females that were presented to the pairs of males (Wilcoxon signed-rank test, Z ϭ Ϫ1.013, P ϭ 0.31; MannÐWhitney U ϭ 1289, P ϭ 0.37). The large males and females averaged almost 6 mg more than the small males and females as pupae. Furthermore, as expected and planned, we found signiÞcant differences between the pupal weights of the large and small males paired with a female and between the large and small females (Wilcoxon signed-rank test, Z ϭ Ϫ9.021, P Ͻ 0.0001; MannÐWhitney U ϭ 2867, P Ͻ 0.0001).
In the 108 competitive mating trials, 35 females (12 large and 23 small) chose not to mate, despite the occurrence of male mating attempts in nearly all (94%) cases, whereas 73 females (35 large and 38 small) did choose to mate. The proportions of large and small females did not differ between the mating and nonmating groups ( 2 ϭ 1.8, df ϭ 1, P ϭ 0.18). When considering only the 73 copulations, the proportions of large and small males that mated, although close to signiÞcance, did not vary with female size ( 2 ϭ 3.3, df ϭ 1, P ϭ 0.0701) (Table 2) ; however, after pooling data from the large and small females, large males accounted for 51 of the 73 copulations and were signiÞcantly more likely to mate than were small males ( 2 ϭ 11.5, df ϭ 1, P Ͻ 0.005). The courtship and copulation durations for the successfully copulating males and females are shown in Table 2 . There was no signiÞcant difference in courtship duration in relation to the body size of either males or females (F ϭ 0.98; df ϭ 1, 69; P ϭ 0.33; F ϭ 3.78; df ϭ 1, 69; P ϭ 0.056), despite near signiÞcance for the females and an Ϸ17-min mean difference between the fastest (SMSF) and slowest (SMLF) cross (Table 2 ). In addition, there was no evidence of interaction between the sizes of successfully copulating males and females for courtship duration (F ϭ 2.41; df ϭ 1, 69; P ϭ 0.13). However, we did Þnd signiÞcant differences in copulation duration in relation to the body size of both males and females (F ϭ 6.66; df ϭ 1, 67; P ϭ 0.0121; F ϭ 14.94; df ϭ 1, 67; P ϭ 0.0003), with small males copulating for longer durations, on average, than large males and large females copulating longer than small females (Table 2) , a pattern consistent with previous research (French and Hammack 2010) . No interaction was detected between the body sizes of the successfully copulating males and females (F ϭ 0.17; df ϭ 1, 67; P ϭ 0.6804) for copulation duration. The sample size for the analysis of copulation duration was smaller than that for the courtship duration by two females because two pairs that copulated failed to separate, and the females from these pairs were omitted from further analysis after calculation of the courtship duration.
Five additional females escaped captivity and were not included in the longevity analysis. The large females tended to live longer than the small females regardless of the size of their mating partner (Table 3) , but no statistically signiÞcant difference in female longevity was detected in relation to male and female body sizes ( 2 ϭ 3.7215; df ϭ 3; P ϭ 0.29). Three additional females died naturally within 2 weeks of their Þrst copulation without laying eggs, leaving 63 females for the fecundity analyses (Table  3) . During the 12-wk oviposition period, we found no statistically signiÞcant differences in fecundity among the male and female body size combinations in the mating crosses, measured either as total eggs ( 2 ϭ 2.4065; df ϭ 3; P ϭ 0.49) or potentially viable eggs ( 2 ϭ 1.4897; df ϭ 3; P ϭ 0.68). Overall, there was extensive variation among individual females with respect to both measures of fecundity (Table 3) .
Because there were no signiÞcant differences in longevity, total eggs, or potentially viable eggs among the cross types, we pooled the data from the large and small females for the longevity and fecundity variables and compared those pooled variables with respect to the size of the male mating partner (Table 4 ). The longevity ( 2 ϭ 0.5851; df ϭ 1; P ϭ 0.44), total eggs laid ( 2 ϭ 0.3169; df ϭ 1; P ϭ 0.57), or potentially viable eggs laid ( 2 ϭ 0.24; df ϭ 1; P ϭ 0.62) did not differ signiÞcantly between the females mating with the large compared with the small males. a Two couples became stuck in copula and were excluded from the copulation duration analysis. 
Discussion
Large body size can be advantageous in a mating system in which males search and physically compete directly for access to female ova (Thornhill and Alcock 1983 , Blanckenhorn 2005 , Cothran 2008 , Hunt et al. 2009 , Kuijper et al. 2012 , Alcock 2013 . The opportunity for maleÐmale competition in physical proximity, which also simultaneously offers females a choice of larger and smaller males, is most likely the norm for D. barberi and other corn rootworm beetles because of the release by calling females of sex pheromones attractive to males (Guss et al. 1985, Andersen and Wilkin 1986) or simply because of the high beetle populations often present in maize monocultures (Beckler et al. , 2005 French et al. 2004 French et al. , 2007 Meinke et al. 2009 ). Although Þghting is well documented in many insects and a few chrysomelids (Thornhill and Alcock 1983, Konstantinov 2004) , male D. barberi do not Þght but do attempt to displace mounted males from females and, using this approach, sometimes manage to copulate successfully (unpublished data).
Large-size males could be favored as mating partners by females, provided larger males enhance female Þtness or the Þtness of their offspring (Thornhill and Alcock 1983 , Blanckenhorn 2005 , Gwynne 2008 , Hunt et al. 2009 , Kuijper et al. 2012 . For example, Labeyrie et al. (2003) showed that females of the leaf beetle Oreina gloriosa F. prefer to mate with larger males over smaller males because females derive higher levels of cardenolide toxins from larger males during copulation, which beneÞts females and their offspring by providing protection against predators. However, large male body size was not important for female mate selection in studies of other chrysomelid beetles, including Oreina cacaliae (Schrank), an alkaloidadapted leaf beetle, and Chrysophtharta agricola (Chapuis), a eucalyptus leaf beetle (Labeyrie et al. 2003, Nahrung and Allen 2004) . In addition, Tallamy et al. (2002 Tallamy et al. ( , 2003 and Tallamy (2004) reported that the rate of antennal stroking by male Diabrotica undecimpunctata howardi Barber is more important to mating success than body size.
In our current study, approximately one-third of the D. barberi females regardless of their body size did not mate when presented with a large and a small male. This nonmating rate was slightly lower than the 48% observed twice previously for similar D. barberi crosses that involved large and small insects but paired the insects under noncompetitive conditions Hammack 2010, 2012) . Seventy percent of the 68% of females that did mate in the current study copulated with large males. This pattern contrasts with the results of our previous study in which we found no size-based disparity in the percentage of pairs mating when females and males of different sizes were paired under noncompetitive conditions (French and Hammack 2010) . The present data suggested that large males have a decisive mating advantage under competitive conditions regardless of female size. Indeed, female D. barberi were more likely to mate with large than small males by Ͼ2:1 when both male sizes were available. However, even with a 2:1 overall mating advantage, there was a tendency that was not quite statistically signiÞcant (P ϭ 0.0701) for a greater largemale mating advantage in crosses with large (4:1) compared with small (1.5:1) females. This tendency toward lesser dominance by large males in crosses with small as compared with large females could have resulted from a preference for assortative mating based on body size consistent with previous evidence (French and Hammack 2012) . In other words, both male competition and female choice may be acting on mating success. A larger sample of mating trio crosses is needed to more accurately delineate the aforementioned ratios, especially to clearly demonstrate the large-male mating advantage over small males in crosses with small females.
Female insects often cryptically choose to mate with particular males, even when there appears to be no mate discrimination (Eberhard 1996 , Tallamy et al. 2003 . For example, female D. barberi could cryptically discriminate against small males by extending courtship durations to provide more time for more appropriate mates to displace less appropriate ones or for females to assess the genetic quality of their mates. Courtship duration varied widely in our current study but, as in a previous one (French and Hammack 2010) , did not vary signiÞcantly with size-based differences among the mated pairs; however, there was a strong tendency in the current study for longer courtship among large compared with small females, which could entice maleÐmale competition.
Unlike the courtship duration, the duration of copulation in the current study varied with the body size of both males and females. Regardless of the size of their mating partner, large males remained in copula for shorter periods than did small males, and large females remained in copula for longer durations than did small females. Thus, mating duration tended to be longest for small males mating large females and shortest for large males mating small females, a difference that was found to be statistically signiÞcant in earlier no-choice mating tests (French and Hammack 2010) . This behavior pattern would be consistent with cryptic discrimination by females against small males but also possibly with a slower speed with which a smaller male can manufacture and transfer a spermatophore to a larger female. Although smaller males were previously found to produce smaller spermatophores, there was also a tendency, signiÞcant at P Ͻ 0.1 but not P Ͻ 0.05, for larger females to receive larger spermatophores, perhaps as a function of the size of the bursa copulatrix (French and Hammack 2012) . If females choose males based on their size, which is consistent with the predominance of copulation with large males demonstrated in the current study, we might expect to see a Þtness beneÞt such as increased longevity or fecundity. As in our previous studies Hammack 2010, 2011) , no differences in longevity, total egg production, or viable egg production were detected among the females that mated with the different-sized males. SigniÞcantly longer longevity or, as in the current study, only a tendency for longer longevity occurred in large females but was unrelated to the size of their mating partners (French and Hammack 2011) . However, females from the 2011 study that mated more than once lived longer and laid more total and more viable eggs than females that mated only once, but the probability of multiple mating was unrelated to male and female body sizes in the Þrst mating, although the multiply mated females initially mated with smaller males remated at a younger age. The signiÞcance of this Þnding is difÞcult to evaluate because the female mating frequency and costs associated with mating are unknown in the wild.
Nevertheless, if females are more likely to mate with large than small males, as demonstrated here in a competitive mating situation, then the female through her offspring might be expected to gain a "good-gene" beneÞt from mating with large males because body size in insects is typically heritable and correlated in females with egg size and progeny Þtness (Mousseau and Roff 1986, Fox and Czesak 2000) . Thus, to the extent that they inherit genes conferring large body size, the male offspring of the female could gain a mating advantage, and the female offspring could produce larger eggs that produce larger, Þtter progeny. Although measures of body size are often highly heritable in insects (Mousseau and Roff 1986, Fox and Czesak 2000) , to our knowledge, no studies determining the heritability of the components of body size for corn rootworms have been conducted.
Advantages to female Þtness not demonstrable under standard laboratory conditions could also accrue from mating with large males under Þeld conditions. For example, because of the shorter duration of copulation shown by larger males, females mating with larger males could acquire longevity and fecundity beneÞts under natural conditions should females in copula be at increased risk of predation. Although not always accurate (Gwynne 1989) , it is widely assumed that reproductive activity increases the risk of predation (Magnhagen 1991) . Because of the relatively long duration of D. barberi copulation and the probability that most D. barberi females, like most D. v. virgifera females (Quiring and Timmins 1990 , Hammack 1995 , Spencer et al. 2013 , mate while teneral before their exoskeleton is fully sclerotized, the vulnerability of beetles to predation could be increased during copulation. Although corn rootworms in general are considered to have few natural enemies (Levine and Oloumi-Sadeghi 1991) , and there is relatively little information speciÞcally regarding the natural enemies of D. barberi adults or the relative susceptibility to predation of solitary beetles compared with copulating pairs, Bollinger and Caslick (1985) reported signiÞcant beetle predation by red-winged blackbirds in maize Þelds before the maize reached milk-stage, when half the gut contents of the birds consisted of D. barberi beetles.
Furthermore, because of the positive correlation demonstrated for D. barberi between male body size and the size of spermatophores transferred to females (French and Hammack 2012) , any substance beneÞting female Þtness and transferred by males to females during copulation and perhaps from females to her offspring could potentially be transferred in greater amounts by larger males, as observed for the transfer of nitrogen by male D. v. virgifera to females during copulation (Murphy and Krupke (2011) . Many chrysomelid beetles also use chemicals, often derived from their host plants, as a defensive mechanism against predators for themselves and their offspring (Pasteels and Hartmann 2004 , Kirsch et al. 2011 ). An obvious possibility for diabroticite beetles is the transfer via the spermatophore of cucurbitacins, which are distasteful tetracyclic triterpenes produced by cucurbit plants that act as a feeding deterrent for many organisms but as a phagostimulant for most diabroticite beetles, including D. barberi (Ferguson and Metcalf 1985; Tallamy et al. 2000 Tallamy et al. , 2005 . However, the extent to which cucurbitacins may be consumed and sequestered by D. barberi males and transferred to females, especially under the conditions of maize monoculture, requires further research.
Research is needed to conÞrm that the northern corn rootworm conforms to the expectations of intensiÞed maleÐmale competition in a mating system in which females mate only once or a few times and males can mate many times over their life spans. As already mentioned, this type of mating system characterizes corn rootworm beetles, but most of the relevant studies have been conducted with species other than D. barberi. One recent study demonstrated that approximately two-thirds of D. barberi females mate only once (French and Hammack 2011) , but research on male mating capacity is still lacking for this species.
Because insect resistance management plans implementing structured refuges are designed to promote mating among resistant and susceptible individuals, it is important to understand the reproductive biology of an organism that is being commercially targeted with transgenic maize (Bates et al. 2005 , Spencer et al. 2009 ). Any change in the size of insects surviving on transgenic maize relative to those surviving in nearby refuges could inßuence the efÞcacy with which refuges function as a source of susceptible individuals able to mate with any resistant beetles emerging from the transgenic crop. So far, few if any Þtness costs related to body size have been correlated with rootworm survival on transgenic maize ), but the effects of evolving Bt resistance on body size, especially with the higher dose maize events, and on other components of Þtness are not fully understood. Our data demonstrating that larger D. barberi males may enjoy a mating advantage over smaller males indicate that the concurrent evolution of resistance to Bt corn and reduced male size could place resistant males at a disadvantage when competing for mates, which in turn could slow the spread of Bt resistance. Alternatively, larger male size associated with the evolution of resistance to Bt corn could place resistant males at a competitive advantage over susceptible males seeking mates and foster the spread of the resistance.
